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Abstract
Wecarry out a realistic, yet simple, calculation of the Casimir–Polder interaction in the presence of a
metallic shield in order to aid the design of experiments to test non-Newtonian gravity. In particular,
we consider a rubidium atomnear amovable silicon slabwith a gold film in between.We show that by
moving the slab to various distances andmaking precisemeasurements of the force exerted on the
atom, one could in principle discern the existence of short-rangemodifications toNewtonian gravity.
This avoids the need for a patterned surface where calculations aremuch harder and for which the
probemust bemoved laterally at afixed distance.We also briefly discuss the casewhere an atomic
cloud undergoes Bloch oscillationswithin an optical lattice created by reflecting a laser off the shield.
Wefind that our scheme has the potential to improve current constraints if relativelymodest
improvements in atom localisation in optical lattices aremade.
Modifications to theNewtonian gravitational interaction in the submillimeter regime are predicted by awide
range of theories. These include themassive ‘moduli’ fields of string theorywhose values determine the
geometry of possible extra dimensions [1, 2]. An experimental verification of such predictions would be of great
significance, but at the same time poses severe challenges.Chief among these is the dominance of electromagnetic
interactions in any realisticmeasurement scheme.Wemust therefore account for electromagnetic interactions to
extremely high accuracy ifwe are to reveal the faint gravitational signal beneath.
Despite these challenges, an on-going experimental effort has succeeded in placing constraints on short
range deviations to the inverse square law [3–11].Motivated by theories which predict forcemediators with
non-zeromass, leading to interaction potentials which decay exponentially with distance, the gravitational
interaction potential of two particles ofmassM andm separated by a distance r is often parameterised in the
formof a Yukawa potential (see, for example, [12])
a= + l-( ) ( ) ( )U r GMm
r
1 e . 1rY
Here,G is theNewtonian gravitational constant,α is a dimensionless constant andλ is a length describing the
range of the interaction. The currently allowed ranges of the parametersα andλ are summarised infigure 1.
The electromagnetic interactions that will concern us in this paper are Casimir-type forces that arise between
bodies due to the surface-inducedmodification of the zero point electromagnetic field.More precisely, the
Casimir force acts betweenmacroscopic bodies whereas the closely relatedCasimir–Polder (CP) force is the
name given to the force between amacroscopic and amicroscopic body (an atom,molecule, nanosphere etc).
These forces are usually attractive and vary as the third or fourth power of the inverse distance, depending on the
importance of retardation in the specific system involved. Oneway to distinguish their effect from gravity is to
take advantage of the fact that they depend solely on the electronic properties of thematerial, while gravitational
forces depend only on themass distribution. Thismeans that objects patternedwith regions that have different
densities but similar electronic properties can be used to isolate gravitational interactions in short-range force
experiments [13, 14], while other approaches include using a corrugated surface [15]. However, one of the
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problemswith thesemethods is that a precise calculation of theCasimir andCP forces for such patterned or
structured surfaces is extremely difficult due to inherent non-additivity, and the fabrication process can
introduce additional complications such as electrostatic surface potentials at the interfaces betweenmaterials.
Themeasurements themselves are also a practical challenge as one has tomove the force probe laterally across
the different regionswhilemaintaining a precise distance from the surface.
Here we take a different approach, avoiding the lateralmovement of a probe across a patterned surface and
instead rely on the different distance dependences of the hypothetical Yukawa force, Newtonian gravity and the
CP force.We base our discussion on the setup depicted infigure 2, wherewe consider a rubidium atom
positioned near a gold sheet, with amediallymovable silicon slab behind that.The role of the gold sheet is to
suppress the CP force between the atomand the silicon. Gold shields have already been employed in
experiments attempting tomeasure submillimetre forces [4], but in contrast with previous calculations of the
Figure 1.Regions of the {α,λ} parameter space that are currently excluded by experiments [5–10] are shown in yellow. The dark blue
region represents the region that could be excluded in principle by the shielding techniques detailed here, i.e. that for which the
Yukawa force can be distinguished from all others with no regard as to its absolute value. The region bounded by the dashed line takes
into account the experimental setup described at the end of this work, and represents amore practical limit for the power of the
method presented here. The four labelled circles will be used as reference Yukawa parameters throughout the calculation.
Figure 2.Proposed setup formeasurement of short-range corrections toNewtonian gravity. The experimentwould consist of a silicon
slab and a rubidium atom, separated by a gold shield. For reasons that will become clear in section 4, we assume the apparatus is
oriented such that the Earth’s gravitational forcemg is in the direction indicated.
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CP force in the presence of such gold shields, here we specifically avoidmaking the assumption of perfect
reflectivity. Rather, at the heart of our paper is a precise calculation of theCP force for a shield of finite thickness
and conductivity (we are following in the footsteps of a similar calculation for a graphene shield [16]).We hope
this will guide practitioners in evaluating the viability of ‘simple’medially layered setups like that shown in
figure 2, as opposed to laterally structured surfaces (where there is less need for a shieldedCP calculation).
At this stage it is important to note that although the gold shield reduces theCP force between the atom and
the silicon slab, it introduces a new and larger CP force between the gold and the atom.However, this is not a
problembecause our proposed scheme is based upon a differentialmeasurement where the silicon slab ismoved
to different positions but the atom-shield distance is kept constant.Without a shield the change in theCP force
of the slab dominates the change in the hypothetical Yukawa force, but with the shield the change in theCP force
of the slab can be smaller than the change in the Yukawa force, allowing the isolation of the latter.
The layout of the rest of this paper is as follows:We begin in section 1 by calculating theCP force in our
proposed system, followed in section 2 by an account of the Yukawa force for a slab geometry. In section 3we
compare the calculated forces to determinewhich of themdominates. Finally in section 4we briefly explore the
feasibility of an experimentmeasuring the shift in frequency of a Bloch-oscillating atomdue to a shielded slab.
1. CP force
Our envisaged experiment features an atom interactingwith amulti-layeredmedium consisting of vacuum-
gold-vacuum-silicon, as shown infigure 3. In order to have a tractable calculation of theCP force for this
situationwewillmake two simplifying approximations; (1)The silicon slabwill bemodelled as having infinite
depth, and (2)we assume that all layers are of infinite extent in the lateral directions.
Let us comment on these simplifications. Thefirst approximationwill over-estimate theCP force because as
long as the depth of the silicon slab is significantly larger than the atomic transitionwavelength (wewill choose
parameter values satisfying this condition), the CP force from anyfinite-depth slabwill be smaller than that for
an infinitely deep one.Note that at the atomic transitionwavelength considered here, silicon has quite a large
skin depth of δ∼17 μm4 so the over-estimation can be quite large for thin slabs. The second approximation,
meanwhile, is accurate if the lateral dimensions of the apparatus aremuch larger than all other length scales. Like
thefirst approximation, assuming infinite lateral size will over-estimate themagnitude of theCP force.
Therefore, our approximation schemewill give a reliable upper bound for theCP force. Since theCP force
represents an unwanted effect whenmeasuring gravity, an upper bound is still of value. By contrast, we shall not
make these approximations in our calculation of the Yukawa force to be described in section 2.
TheCP potential arises from the interaction energy between afluctuating dipole and a nearbymacroscopic
body. The coupling strengths involved are the polarisability of the atomα(ω) and the reflectivity of the
macroscopic body, which for a planar surface is encoded in the transverse electric (TE) and transversemagnetic
Figure 3. Illustration of reflection coefficient nesting process used in our calculations of theCP force.
4
The skin depth δ for a non-magneticmaterial (conductivityσ and relative permittivity ε(ω)) at frequenciesmuch larger than ε(ω) ε0/σ is
given by d e e w m s~ ( )2 0 0 .
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(TM) reflection coefficients rTE and rTM. The interaction ismediated by photons of wave vector k , which in a
planar system is decomposed into parallel ( k ) and perpendicular components
w= -^ ( ) ( )k c k . 22 2
Summing over all such photon contributions entails integrating over any two of the three variables w k, ,
k^ , since the third is fixed by equation (2). Here we choose to eliminate k^ . The final step is to rotate the
ω-integration to imaginary frequenciesω→iξ (ξ>0) in order to avoid a rapidly oscillating integrand.
Putting this all together one finds the CP potentialUCP a distance z from a planar surface [17–19]
 ò òmp x x a x x x= + ´ - + x
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where the polarizabilityα(ω) is defined for a transition i→j of an isotropically polarisable atom as:
 
a w w mw w w= - -( )
∣ ∣
( )2
3
lim
i
. 4
ij ij
ij0
2
2 2
Here,μij is the atomic transition dipolemoment andωij is the transition frequency.
We canbuild the explicit reflection coefficients for either polarisation s = TE, TMbybeginning from the
well-knownexpressions for theoverall reflection coefficient srijk of a three-layer systemwhose two interfaces are
separated by a distance dj andhave single-interface Fresnel reflection coefficients
srij and srjk, and single-interface
transmission coefficients stij and stjk as listed in the appendix. The composite reflection coefficients are given by [20]
= + -
s s
s s s b
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where b e w= - c ki i 2 2 2 is the z-component of thewave vector in layer i. In our particular system,we have;
b b b w= = = -  ( )c k , 61 3 vac 2 2 2
b b e w= = -  ( )c k , 72 Au Au 2 2 2
b b e w= = -  ( )c k , 84 Si Si 2 2 2
= = =  ¥ ( )d z d d d d d, , , , 91 2 Au 3 vac 4
where εAu and εSi are the relative permittivities of gold and silicon, respectively. Thismeans that r234 as shown in
figure 3 is given by
= + -
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Nowwe can build the reflection coefficient of thewhole systemby composing r234 with r12:
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The explicit formof these composite reflection coefficients can be found in the appendix. TheCPpotential of the
atom in our particular setup is thenfinally given by
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This expression allows us to include the effects offinite thickness and conductivity of the shield on theCP force.
Note that if the gold layer was a perfect reflector we could set  -r 11234TE and r 11234TM .
Themain contribution to theCP potential is at the dominant transition frequency of the atom,which for
ground state Rb atoms is approximately 3.8×1014 Hz (780 nm).We propose choosing a gold shield of
thickness dAu=50 nmwhich is considerably greater than the skin depth at this frequencywhich is of the order
of a few nanometres. As shown in the upper plot offigure 4, it is indeed the case that by the time the gold is 50 nm
thick theCP force is rather insensitive to itsfinite thickness. However, as well as having afinite thickness the gold
also has afinite conductivity. This is well-described by an intrabandDrudemodel whose dielectric function is:
4
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e w ww w g= - +( ) ( ) ( )1 i , 13
p
Au
2
where w = ´1.38 10p 16 rad s−1 is the plasma frequency and γ≈4.08×1013 rad s−1 is the damping parameter
[21]. In principle one should also take into account interband transitions (see, e.g. [22]), but these only have an
effect on the permittivity well above the frequency scale set by the considered transition of the atom,meaning
they have a negligible effect on the results presented here. This finite conductivity has an appreciable effect on the
CP force near the sheet of gold (as compared to a perfect reflector), as shown in the lower panel offigure 4. This
suggests that in order to get reliable results for the relative values of the various forces involved a realistic CP
calculation, as performed here, is necessary.
2. Yukawa force
Wenowproceed to a calculation of the Yukawa force. This ismuch simpler than that of the CP force andwe
therefore include both the finite depth of the silicon slab and the finite lateral sizes of each layer. Referring back
tofigure 2, the values we shall use for the various parameters are a=100 μm, b=100 μmandW=10 μm,
and as abovewe assume the thickness of the gold sheet to be dAu=50 nm.
In order to calculate the Yukawa force in the systemwe require an expression for it at a distance
= + + +Z d d z W 2vac Au from the centre ofmass of a rectangular slab, as shown infigure 2. The force is
evaluated on the xy symmetry axis of the slab so symmetry dictates that the force FY is in the z direction;
= =⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦( ) ˆ ( ) ˆU r U rF Z zZ zY
d
d Y
d
d Y
.We can then integrate this over the slab volume to obtain the Yukawa force
from thewhole slab.We have
òral l= - - +- l- -( ˆ ) ∣ ˆ ∣∣ ˆ ∣ ( )∣ ˆ∣Z Gm Z ZF z r r z rz rd e , 14V Zr zY 3 3
whereV is the volume of the slab and ρ is its density. Taking initially the case of a slab of infinite extent in the xy
plane and of thicknessW, wefind, in agreement with [23], an exact result for the Yukawa force in such a situation
Figure 4.Upper: The ratio of CP force near an isolated 50 nm thick sheet of gold to theCP force due to a semi-infinite block of gold. It
is seen that for thicknesses of 50 nm (ormore) there is very little difference between the two.Note that the asymptotic value for large z
is not quite equal to 1 due to thefinite wavelength of the atomic transition sensing thefinite thickness of the sheet; the parameters
chosen in this paper correspond to the solid line, but decreasing the atomic transitionwavelength (or increasing the slab thickness)
causes the curve to tend to unity for all z as shown by the dashed lines.We also note the intriguingminimumat around 2microns
which arises from the interplay between plasmon resonances and geometry. Lower: Ratio of CP force near the same 50 nm thick sheet
of gold to that due to a perfectly reflecting surface (whose thickness is of course irrelevant). This, combinedwith the upper plot, shows
that thefinite conductivity of the gold has a small but appreciable affect on theCPpotential near it.
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pa l r l=
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For afinite slab the integralsmust be carried out numerically, which is complicated by the fact that the
parametersα andλ are unknown.One can eliminate the overall scaleα by expressing the finite slab force in
units of the infinite slab force, but the range parameterλ remains. The results for various values ofλ of afinite-
slab numerical integration are shown infigure 5.
3. Comparison of forces
Now that we have an account of the Yukawa andCP forces involved in the proposed setup, we can compare
them to determinewhich is dominant andwhether any are amenable tomeasurement. The forces due to each
component of the apparatus (and also the Earth) are listed in table 1 and are plotted infigure 6 as a function of
dvac (the two rows infigure 6 are for two differentfixed values of z). The parameters we use are given in table 2
and correspond to the four points chosen infigure 1. In the plot we have graphed both the absolute values of the
forces and the quantity
D = -  ¥( ) ( )F F F d 16Vac
so that, for example, theΔF for the Yukawa force of the silicon slab is
D = -  ¥ =( ) ( )( ) ( ) ( ) ( )F F F d F 17Y Si Y Si Y Si Vac Y Si
and for the gold shield
D = -  ¥ =( ) ( )( ) ( ) ( )F F F d 0 18Y Au Y Au Y Au Vac
Figure 5.The perpendicular component FY of the Yukawa force at a distanceZ fromourfinite slab of size 100 μm×100 μm×
10 μmfound by numerical integration of equation (14) using the density of silicon (r = -2330 kg mSi 3).We have expressed the result
in units of the Yukawa force FY
inf for a slab of infinite lateral extent, as given by equation (15). This ratio is of course independent of the
common scaling factorGmρα in equations (14) and (15), but depends on the particular value ofλ chosen. Forλ1 μmthe deviation
fromunity is not visible at the scale of this graph, so the upper line can be taken to represent all such values ofλ. For larger values ofλ
the force has a longer range, so itmakes physical sense thatfinite size effects should bemore visible asλ ismade larger, as reflected in
the figure.
Table 1. Summary of forces involved. Here = + + +Z d d z W 2vac Au .
Symbol Description Force found from
Yi(Si) Yukawa force of the slabwith parameters i=1, 2, 3, 4 defined in
figure 1
pa l r l l- ( )G m4 e sinhi Z WRb Si 2i i
Yi(Au) As above, but for the shield pa l r l l- ( )G m4 e sinhi i z dRb Au 2i iAu
CP Casimir–Polder force in the presence of the gold shield, including
non-additive contributions fromboth the slab and the shield
Numerical evaluation of equation (3)
CP(Si) Casimir–Polder force if the shield is removed Numerical evaluation of equation (3)with εAu(ω)=1
N(Si) Newtonian gravitational force of the slab rGabW m ZSi Rb 2
N(Au) Newtonian gravitational force of the shield p rG m2 Au Rb
E Gravitational force of the Earth m gRb
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and so on. By subtracting out the value at = ¥dvac ,ΔF gives us the difference between the cases where the
silicon slab is present andwhen it is removed.
From the left-hand columnoffigure 6we see that theNewtonian gravitational force of the Earth (mRb g)
dominates all other forces in all cases, as onewould expect. By contrast, we see from the right columnoffigure 6,
whereΔF is plotted, that the dominant change in theCP contributionwith andwithout the silicon slab is the
Yukawa force corresponding to points 1 and 2 onfigure 1. The Earth’s gravity and the various shield forces
obviously do not change before and after the removal of the slab, and so do not appear on the right-hand graphs.
Thefigure also emphasises the change in theCP force due to the presence of the shield, with the improvement to
the shielded case highlighted as the shaded area. It is clear from the graphs in the right-hand column that the
consideration of realistic shielding of CP forces as given in this paper is necessary to properly evaluate the forces
in the proposed system.
The keymessage conveyed byfigure 6 is that if the Yukawamodification toNewtonian gravity exists with any
of the parameters chosen infigure 1, then the detected change in the total forceΔFwith andwithout the silicon
slabwould bemuch larger thanwould be expected based on theCP force andNewtonian gravity alone,
indicating the presence of a new force. This does not so far say anything aboutwhether the size of that
discrepancy is actually detectable; this aspect will be considered in section 4.
We also briefly consider thermal effects. The regime inwhich thermal effects can become important to the
CP forces is when the black-body peak is at awavelength comparable to the atom-surface distance (see, for
example, [24]). At 300 K, this peak is at around 17 μm, so for parameters used in the uppermost graphs in
Figure 6.Comparison of forces as a function of dvac at two different fixed distances 3 and 10 μmfrom the shield, with the parameter
choices for the Yukawa force being the ones shown infigure 1. The left-hand columnof graphs gives the absolute value of the force
involved, while the right-hand column givesΔF as defined in equation (16). The vertical line and points are for later reference and the
shading gives the improvement due to the shield. All the different forces and parameters used are listed in tables 1 and 2, respectively.
Table 2. Summary of parameters used in this work.
Yukawa Slab Shield Atom
a l{ }, 1 m{ }10 , 2 m9 ρSi 2 330 kg m−3 ρAu 19 300 kg m−3 μij 5.05×10−29 C m
{α,λ }2 m{ }10 , 2 m6 εSi 5 ωp 1.38×1016 rad s−1 ωij 2.4×1015 rad s−1
a l{ }, 3 m{ }10 , 0.5 m9 W 10 μm γ 4×1013 rad s−1 mRb 1.4×10−25 kg
{α,λ}4 {10
6,0.5 μm} a, b 100 μm dAu 50 nm
7
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figure 6 (which turn out to be the oneswe aremainly interested in)we can safely ignore thermal effects even at
room temperature. In order to go to longer distances and still be able to ignore thermal effects onewould have to
cool the apparatus, but cryogenic temperatures are not necessary. For example, at 150 K the black-body peak is
at approximately 34 μm,which easily encompasses the distances we are interested in.
4.Measurement scheme
Although our calculations of the forces on an atomdetailed above are independent of themeasurementmethod
employed, in order to evaluate the viability of the entire scheme presented here let us now examine one
particularmethod, namely, gravity-induced Bloch oscillations [13, 25]. This is a type of atom interferometry and
takes advantage of the quantumwave-like properties of atoms.However, unlike standard atom interferometers
where interference takes place between different paths in coordinate space, andwhich have, for example, been
used tomake high precisionmeasurements of the gravitational constantG [26, 27], Bloch oscillations are the
result of interference inmomentum space and themotion of the atoms in coordinate space can bemade very
small. This allows the atoms to be localised at an almost fixed distance froma surface and is well suited to
measuring short-range forces [28]. Indeed, referring to the right hand columnoffigure 6, we see that the Yukawa
force diminishes significantly with distance (although it should be noted thatΔFY remains dominant all theway
out to 30 μm). Thus, wewant the atoms to be located as close as possible to the shield.
Bloch oscillations occurwhen an external force is applied to a quantumparticle that also experiences a
periodic potential, which in the present case would be provided by an optical lattice formed by retro-reflection of
a laser beam from the gold shield. Bloch oscillations are sensitive directly to the force, as opposed to collective
dipole oscillations in a harmonic trap [29, 30] (sensitive to force gradients), and so-called super-Bloch
oscillations in driven optical lattices (sensitive directly to potential) [31], and can even bemeasured non-
destructively [32–34]. The Bloch oscillation frequency νB is directly proportional to the external force F

n p= ( )
Fa
2
, 19B
where a is the lattice spacing,whichwewill take to be 500 nm,but is independent of the depthof the lattice potential.
In our proposed experiment the strongest force by someorders ofmagnitude is » ´ -m g 1.4 10 NRb 24 , which
corresponds to aBlochoscillation frequency of around1 kHz. This fast oscillation canbeused to our advantage [28]:
orienting the apparatus vertically the ‘little g’drivenoscillations provide a reference oscillatorwhose frequency can
bemeasured to an accuracy of one part in 107 [13, 25].Moving the silicon slab to different positions,Zi andZfsay,
one can attempt tomeasure the shiftΔνB in theBlochoscillation frequency

n pD =
-[ ( ) ( )] ( )F Z F Z a
2
. 20
f i
B
The difference in the force for the two positions of the silicon slab is thereforemeasurable providingΔνB is
larger than around =-10 kHz 0.1 mHz7 .
Asmentioned above, wewould like to trap the atoms as close to the shield as possible, but in practical terms
there is of course a limit to how close to the surface one can go—this is set by how tightly the atoms can be
trapped and how far theymove during one Bloch oscillation. For discussion of the formerwe note from [13, 35]
that a typical atomic cloud used in Bloch oscillation experiments has an rmswidth of approximately 12 μm,
meaning that trapping distancesmuch closer than this are unrealistic. For example, as shown in the lower part of
figure 7, an atomic cloud trapped at 10 μmwith an rmswidth of 12 μmhas appreciable overlapwith the surface
(approximately 2.5%of the atomswould be in the region z<0). At such a large distance the techniques
proposed herewould only result in amodest improvement in the region of Yukawa parameter space that can be
excluded, as can be seen infigure 7.
We therefore consider whatwould happen if, in a future experiment, an atomic cloud could be centred at a
distance of 3 μmfrom the surface with an rmswidth of 2 μm.As shown in the lower part offigure 7, the overlap
referred to abovewould bemuch smaller (approximately 0.02%). To this endwe note that in deep lattices, or
close to theMott insulator phase [36], atoms occupy close to a single lattice site. In fact, operating in such
regimesmay not be necessary because the effect of adding an external force on top of a periodic potential is
exactly to localise the atoms in space such that the (localised)Wannier–Stark states become the natural
eigenfunctions rather than the (delocalised)Bloch functions [37]. During a Bloch oscillationwave packets
explore a spatial region of sizew, given by [38]
8
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= ( )w W
F2
, 21
whereW is thewidth of the first energy band. In the tight-binding approximation andwith the depth of the
lattice being five times the photon recoil energy = ( )E k m2R 2 L2 , where kL is the laser wavenumber, onefinds
that »W E0.26 R [38]. For our parameters we find = ´ -E 6.13 10 JR 30 , using this in equation (21), onefinds
w≈0.6 μm,which is a good deal smaller than the proposed trapping distance of 3 μm.Thismeans that the
oscillations remain localised around 3 μm,which is the region inwhichwe have shown the Yukawa force change
can dominate. Furthermore, one need not rely solely on little g to provide the fast Bloch oscillation frequency
and localisation: an externalmagnetic field interactingwith the atoms’magneticmoment (the basis ofmagnetic
traps) can be used to boost the external force whichwould also improve the accuracy of the frequency
measurement by increasing the number of oscillations during themeasurement time. A careful consideration of
any systematic effects associatedwith thisfieldwould have to bemade, althoughwe note thatmagnetic fields
near gold-coated silicon chips have beenwell studied in the context of atom chips (see, e.g. [39]).
Finally, we consider which parts of the parameter space of the Yukawa interaction could be excluded in an
experiment such as the onewe propose here. Firstly wefix z to 3 μmbased on the discussion above, giving us a
value forΔFCP. Equating this toD ( )FY Si as given by equation (17)with unspecifiedα andλ, one then has an
equation that constrainsα andλ to a particular set of combinations represented by a curve in theα–λ plane. The
region bounded by this curve contains all the values ofα andλ for which the Yukawa force change is larger than
theCP force change in this experiment. This region is shown infigure 1, alongside that for the unshielded case
(found by solution ofD = D( ) ( )F FY Si CP S ) and the real experimental sensitivity (found by solution of
D = -( )F 10 NY Si 31 , which is the force corresponding to a frequency sensitivity of 0.1mHz as discussed above). It
is seen that theCP shield is vital if any part of the parameter space is to be excluded by this type of experiment,
and that there is a considerably sized new region inwhich the Yukawa force change overwhelms all others,
without consideration of the absolutemagnitude (i.e. detectability) of such a force. Taking into account the real
experimental sensitivity of a Bloch oscillation experiment, one stillfinds that a significant new region of
parameter space could be excluded.
5. Conclusions
Herewe have demonstrated that a realistic account of theCP force is an important ingredient in the design of
experiments using electromagnetic shielding tomeasure short-range corrections toNewtonian gravity, and that
these considerations are in fact the deciding factor inwhether the non-Newtonian force can be dominant over all
others in a particular experimental setup. Parameterising this force by a Yukawa potential, we havemade an
initial investigation intowhether this force is large enough to bemeasurable, finding that, givenmodest
improvements in localisation of atoms in an optical lattice, a new region of the Yukawa parameter space can be
excluded.
0
Figure 7.Change in Yukawa force (with parameters given by the four points Y1–Y4 in figure 1) as dVac is varied between 2.5 and 20 μm
as a function of distance from the shield. The change in Bloch oscillation frequency corresponding to each change in force (calculated
from equation (20)) is indicated on the right-hand axis of the plot, alongside the experimental sensitivity of 0.1 mHz calculated from
[13, 25]. In the lower panel we show a schematic representation of a 500 nmoptical lattice containing a sample centred at 10 μmfrom
the shield (red), with an rmswidth 12 μm.As discussed in the text, an rmswidth appropriate for this experiment would be 2 μm
(green).
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Appendix. Reflection and transmission coefficients
The single-interface reflection and transmission coefficients are;
b b
b b
e b e b
e b e b=
-
+ =
-
+ ( )r r , A.1ij
i j
i j
ij
j i i j
j i i j
TE TM
e
e= + = +( ) ( )t r t r1 1 . A.2ij ij ij
i
j
ij
TE TE TM TM
Using a shorthand = bS ei d2i i i, the four layer reflection coefficient used in the text is, for either polarisation;
= - + + + + ++ + + + -
s s s s s s s s
s s s s s s s
( )( )[ ( ) ( )]
[ ( ) ( )]
( )r r S r r S r r r S r
S r r S r S r r r S r
1 1 1 1
1 1 1
A.31234 12
2 12 21 3 32 34 23 3 34
3 32 34 2 21 3 32 34 23 3 34
which is amore explicit version of equation (11).
ORCID iDs
Robert Bennett https://orcid.org/0000-0001-6931-8840
References
[1] Dimopoulos S andGiudiceGF 1996Macroscopic forces from supersymmetry Phys. Lett.B 379 105–14
[2] Antoniadis I, Dimopoulos S andDvali G 1998Millimetre-range forces in superstring theories withweak-scale compactificationNucl.
Phys.B 516 70–82
[3] Adelberger EG,Heckel B R, Stubbs CWandRogersWF1991 Searches for newmacroscopic forcesAnnu. Rev. Nucl. Part. Sci. 41
269–320
[4] Long J C, ChanHW,ChurnsideAB,Gulbis EA,VarneyMCMandPrice J C 2003Upper limits to submillimetre-range forces from
extra space-time dimensionsNature 421 922–5
[5] Decca R S, LópezD, ChanHB, Fischbach E,KrauseDE and Jamell CR 2005Constraining new forces in the casimir regime using the
isoelectronic technique Phys. Rev. Lett. 94 240401
[6] MasudaMand SasakiM2009 Limits on nonstandard forces in the submicrometer rangePhys. Rev. Lett. 102 171101
[7] Chiaverini J, Smullin S J, Geraci AA,WeldDMandKapitulnik A 2003New experimental constraints on non-Newtonian forces below
100 μm Phys. Rev. Lett. 90 151101
[8] Geraci AA, Smullin S J,WeldDM,Chiaverini J andKapitulnik A 2008 Improved constraints on non-Newtonian forces at 10microns
Phys. Rev.D 78 022002
[9] KapnerD J, CookT S, Adelberger EG,Gundlach JH,Heckel B R,Hoyle CD and SwansonHE2007Tests of the gravitational inverse-
square law below the dark-energy length scalePhys. Rev. Lett. 98 021101
[10] ChenY-J, ThamWK,KrauseDE, LópezD, Fischbach E andDecca R S 2016 Stronger limits on hypothetical Yukawa interactions in the
30–8000 nm rangePhys. Rev. Lett. 116 221102
[11] SafronovaMS, BudkerD,DeMilleD, Kimball D F J, DereviankoA andClarkCW2018 Search for newphysics with atoms and
moleculesRev.Mod. Phys. 90 025008
[12] Floratos EG and Leontaris GK 1999 Low scale unification,Newton’s law and extra dimensions Phys. Lett.B 465 95–100
[13] Sorrentino F, Alberti A, Ferrari G, IvanovVV, Poli N, SchioppoMandTinoGM2009Quantum sensor for atom-surface interactions
below 10 μmPhys. Rev.A 79 013409
[14] KlimchitskayaG L andMostepanenkoVM2017Constraints on axionlike particles and non-Newtonian gravity frommeasuring the
difference of Casimir forcesPhys. Rev.D 95 123013
[15] Bezerra VB, KlimchitskayaG L,MostepanenkoVMandRomeroC 2014Constraints on axion-nucleon coupling constants from
measuring theCasimir force between corrugated surfaces Phys. Rev.D 90 055013
[16] Ribeiro S and Scheel S 2013 Shielding vacuum fluctuations with graphene Phys. Rev.A 88 042519
[17] Wylie JM and Sipe J E 1984Quantum electrodynamics near an interface Phys. Rev.A 30 1185–93
[18] Buhmann SY, Knöll L,WelschD-G andDungHT2004Casimir–Polder forces: a nonperturbative approachPhys. Rev.A 70 052117
[19] Buhmann SY 2012Dispersion Forces I—Macroscopic QuantumElectrodynamics andGround-State Casimir, Casimir–Polder and van der
Waals Forces (Springer Tracts inModern Physics vol 247) (Berlin: Springer)
[20] TomašMS1995Green function formultilayers: light scattering in planar cavities Phys. Rev.A 51 2545–59
[21] OrdalMA, Bell R J, Alexander RW, Long L L andQuerryMR1985Optical properties of fourteenmetals in the infrared and far
infrared: Al, Co, Cu, Au, Fe, Pb,Mo,Ni, Pd, Pt, Ag, Ti, V, andWAppl. Opt. 24 4493
[22] RakićAD,DjurišićAB, Elazar JM andMajewskiML 1998Optical properties ofmetallic films for vertical-cavity optoelectronic devices
Appl. Opt. 37 5271
[23] Decca R S, Fischbach E, KlimchitskayaGL, KrauseDE, LópezD andMostepanenkoVM2009Application of the proximity force
approximation to gravitational andYukawa-type forces Phys. Rev.D 79 124021
10
New J. Phys. 21 (2019) 033032 RBennett andDH JO’Dell
[24] Obrecht JM,Wild R J, AntezzaM, Pitaevskii L P, Stringari S andCornell E A 2007Measurement of the temperature dependence of the
Casimir–Polder force Phys. Rev. Lett. 98 063201
[25] PoliN,Wang F-Y, TaralloMG, Alberti A, PrevedelliM andTinoGM2011 Precisionmeasurement of gravity with cold atoms in an
optical lattice and comparisonwith a classical gravimeter Phys. Rev. Lett. 106 038501
[26] Fixler J B, Foster GT,McGuirk JM andKasevichMA2007Atom interferometermeasurement of theNewtonian constant of gravity
Science 315 74–7
[27] Rosi G, Sorrentino F, Cacciapuoti L, PrevedelliM andTinoGM2014 Precisionmeasurement of theNewtonian gravitational constant
using cold atomsNature 510 518–21
[28] Carusotto I, Pitaevskii L, Stringari S,ModugnoG and InguscioM2005 Sensitivemeasurement of forces at themicron scale using Bloch
oscillations of ultracold atomsPhys. Rev. Lett. 95 093202
[29] HarberDM,Obrecht JM,McGuirk JM andCornell E A 2005Measurement of theCasimir–Polder force through center-of-mass
oscillations of a Bose–Einstein condensate Phys. Rev.A 72 033610
[30] AntezzaM, Pitaevskii L P and Stringari S 2004 Effect of theCasimir–Polder force on the collective oscillations of a trapped Bose–
Einstein condensate Phys. Rev.A 70 053619
[31] Alberti A, IvanovVV, TinoGMand Ferrari G 2008 Engineering the quantum transport of atomicwavefunctions overmacroscopic
distancesNat. Phys. 5 547
[32] PedenBM,MeiserD, ChiofaloML andHollandM J 2009Nondestructive cavityQEDprobe of Bloch oscillations in a gas of ultracold
atomsPhys. Rev.A 80 043803
[33] Venkatesh B P, TrupkeM,Hinds EA andO’Dell DH J 2009Atomic Bloch–Zener oscillations for sensitive forcemeasurements in a
cavityPhys. Rev.A 80 063834
[34] KeßlerH, Klinder J, Venkatesh BP,Georges C andHemmerich A 2016 In situ observation of optomechanical Bloch oscillations in an
optical cavityNew J. Phys. 18 102001
[35] Ferrari G, Poli N, Sorrentino F andTinoGM2006 Long-lived Bloch oscillationswith Bosonic Sr atoms and application to gravity
measurement at themicrometer scale Phys. Rev. Lett. 97 060402
[36] GreinerM,Mandel O, Esslinger T,Hänsch TWandBloch I 2002Quantumphase transition from a superfluid to amott insulator in a
gas of ultracold atomsNature 415 39–44
[37] GlückM,Kolovsky AR andKorschH J 2002Wannier-Stark resonances in optical and semiconductor superlattices Phys. Rep. 366
103–82
[38] HolthausM2000 Bloch oscillations andZener breakdown in an optical lattice J. Opt. B: QuantumSemiclass. Opt. 2 589–604
[39] Sewell R J et al 2010Atom chip for BEC interferometry J. Phys. B: At.Mol. Opt. Phys. 43 051003
11
New J. Phys. 21 (2019) 033032 RBennett andDH JO’Dell
